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a b s t r a c t
We report that 316L austenitic stainless steel fabricated by direct laser deposition (DLD), an additive
manufacturing (AM) process, have a higher yield strength than that of conventional 316L while keeping
high ductility. More interestingly, no clear anisotropy in tensile properties was observed between the
building and the scanning direction of the 3D printed steel. Metallographic examination of the as-built
parts shows a heterogeneous solidification cellular microstructure. Transmission electron microscopy
observations coupled with Energy Dispersive X-ray Spectrometry (EDS) reveal the presence of chemical
micro-segregation correlated with high dislocation density at cell boundaries as well as the in-situ for-
mation of well-dispersed oxides and transition-metal-rich precipitates. The hierarchical heterogeneous
microstructure in the AM parts induces excellent strength of the 316L stainless steel while the low stak-
ing fault energy of the as-built 316L promotes the occurrence of abundant deformation twinning, in the
origin of the high ductility of the AM steel. Without additional post-process treatments, the AM 316L
proves that it can be used as a structural material or component for repair in mechanical construction.
1. Introduction
Metal additive manufacturing (AM) has gained significant aca-
demic and industry interest as it provides the opportunity to
made complex-shaped parts that can be used in several domains
[1–3]. AM could revolutionize many industrial sectors by decreas-
ing material waste, component lead-time and carbon footprint [4].
AM processes can be classified into two principal classes: Powder
bed fusion based technologies (PBF), such as selective laser melt-
ing (SLM) [5] and direct laser deposition (DLD) [6], such as laser
engineered net shaping (LENS), a promising additive technology
that is currently being developed [7]. The DLD/LENS process can
be used to produce near-net shaped components or treat dam-
aged or worn areas of a component [8]. The DLD/LENS technology
has proved to be effective to fabricate a wide range of materials
including stainless steels, titanium, nickel-base super alloys and
cobalt-base alloys, etc [9–12].
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316L austenitic stainless steel, in particular, is considered as one
of the most widely used materials today owing to its high corrosion
and oxidation resistance and its excellent strength and ductility
[13,14]. Its area of application is increasing continuously. Currently,
austenitic steels are mainly manufactured using forging, casting
and extrusion [15]. The final product obtained from these conven-
tional techniques need to welded or machined into the final shape,
which makes these technologies time consuming. In addition, the
machining of austenitic steels is relatively expensive and welding
may induce corrosion sensitive grain boundaries [15,16]. Thus, the
austenitic stainless steel is particularly interesting for laser additive
manufacturing.
The currently available literature show that a large number of
previous studies were dedicated to the 3D printing of 316L, espe-
cially using SLM technique [17–21]. However, limited research has
been carried out on 316L using LENS technology compared to SLM.
Most of these studies were focused on the effect of process parame-
ters or heat treatment on the microstructure and/or the mechanical
properties of the LENS 316L [22–27]. The presence of build defects
(e.g., porosity, lack of powder melting. . .) may contribute to poor
mechanical properties (low elongation and/or low Young’s modu-
Table 1
Chemical compositions of the as-received 316 L powder compared to the ASTM specifications for 316L (wt.%).
Element C Cr Co Mn P Ni Si S Mo V Cu Fe
Powder 0.016 17.7 0.15 0.29 0.010 12.6 0.58 0.026 2.33 0.026 0.024 Bal.
ASTM 0.03Max 16-18 — 2.0Max 0.045Max 10-14 0.75Max 0.03Max 2–3 — — Bal.
lus) of the AM 316L parts [22–25]. Furthermore, the effect of the
building direction on the mechanical performances of the LENS
316L was poorly studied and rarely related to its microstructure
and/or the crystallographic texture [23,26,27]. Finally, very few
studies have strived to quantify the as-built microstructure at fine
scale [26] and the investigation on the deformation modes of the
LENS-processed 316L is still lacking.
Therefore, in order to fill this gap, the aim of this study is to
use the LENS technology to fabricate high-density parts of 316L
with a combination of high strength and ductility (a particular
interest will be granted to the effect of the building direction on
microstructure and tensile properties). Fine scale TEM investiga-
tions of the microstructure before and after tensile testing have
been performed to develop a better understanding on the non-
equilibrium as-built microstructure and the deformation modes of
the additively manufactured 316L. Based on these observations, a
correlation between the microstructural features and the result-
ing tensile properties is proposed. Finally, mechanical results from
the 3D printed 316L will be compared with that of conventionally
processed 316L.
2. Experimental
2.1. Material & additive manufacturing processing
Gas atomized spherical 316L powder (supplied by ERASTEEL,
Sweden) with particle size of 45–106 m was used as starting
material. The chemical composition of the as-received powder
respects the recommendation limit of the ASTM standard values
for 316L [28] (see Table 1).
The laser metal depositions were performed using a LENS MR-7
System (OPTOMEC, Inc. Albuquerque, NM, USA). The LENS machine
consists of a 3 kW Yb-fiber laser; a coaxial powder feed system, a
controlled environment glove box and a motion control system. To
limit the material oxidation during deposition at high temperature,
the chamber was purged with high purity argon in order to main-
tain the oxygen concentration below 10 ppm during processing.
The LENS control software lets the operator set the process param-
eters such as laser power, powder flow rate or layer thickness.
Two rectangular bars of 70 mm × 30 mm × 30 mm and
30 mm × 30 mm × 70 mm dimensions were fabricated from
the 316L powder as shown schematically in Fig. 1. The two parts
were built on a 150 mm × 50 mm × 10 mm 316L stainless steel
plates with process parameters reported in Table 2. Note that a
bidirectional scanning strategy was adopted, i.e., during each layer,
the main direction of the hatch pattern is tilted by 90◦.
2.2. Microstructural & mechanical characterization
For microstructural analyzes, the lateral surface and the top sur-
face refer to the surface parallel and perpendicular to the building
direction, respectively, as shown in Fig. 1.
Optical microscopy (OM; ZEISS Axio Imager 2), scanning elec-
tron microscopy (SEM; JEOL JMS 7000 F; 15 kV) equipped with
an electron backscatter diffraction (EBSD) detector were used
to examine the microstructure and the crystallographic tex-
ture of the as-built 316L samples. At microscale, transmission
electron microscopy observations and Energy Dispersive X-Ray
Spectroscopy (EDS) characterization were carried out using a FEI
TITAN3 transmission electron microscope operating at 300 kV.
For phase identification, X-ray diffraction (XRD) analyzes of the
as-received powder and the as-built parts were performed on a
diffractometer (XRD, Brucker D8 ADVANCE) with copper radiation
source under 40 kV voltage and 40 mA current. The XRD data were
collected over an angular range of 40–120◦ using a step size of 0.02◦.
For OM, SEM and XRD analyzes, the samples were first mechani-
cally and then electrolytically polished in a 10% oxalic acid aqueous
solution at 15 V for 20 s. For TEM observations, 3-mm disk were
machined and mechanically ground to a thickness of 100 m. Final
thinning of the disk to electron transparency was performed using
a Tenupol-5 twin jet polisher, in a solution of 10% perchloric acid
and 90% acetic acid at room temperature and an operating voltage
of 15 V.
To investigate the tensile properties of the as-built bars, longitu-
dinal (tensile axis parallel to the building direction) and transverse
(tensile axis perpendicular to the building direction) cylindri-
cal specimens of 4 mm diameter and 15 mm gage length were
machined from the AM parts (see Fig. 1). Uniaxial tensile tests
were conducted at room temperature on an electromechanical test-
ing frame (MTS 20/M, 100 kN load cell) at a cross-head speed of
2.5 m/s. The yield strength y,0.2% was evaluated by measuring
the proof stress at 0.2% plastic strain.
3. Results and discussion
3.1. Density measurement and phase constitution
The density measurement results conducted by Archimedes
method showed that a high density of >99.7% was achieved for
the two fabricated parts (the density of conventional 316L steel
was taken as a reference value). Moreover, the SEM examination
of high-resolution micrographs does not show the presence of any
pores or voids. These observations suggest that the difference in
the measured density between the AM 316L and the conventional
316L cannot be attributed to the presence of voids but rather to
the formation of inclusions, whose density is lower than that of the
matrix, as will be shown later.
A comparison of the XRD patterns for the powder and the as-
built 316 L samples is shown in Fig. 2. Both the as-milled powder
and the deposited samples consist of pure face-centered-cubic
(FCC) austenite phase. Indeed, the strongest lines of ferrite should
appear at 44.7◦ and 65◦ [29] and, their absence in Fig. 2, indicates the
fully austenitic structures of the analyzed samples. The theoretical
line intensities for the austenite are 100%, 44% and 24% for the lines
(111), (200) and (220), respectively [30]. These ratios were checked
for the powder analysis but were not completely obeyed for the
as-built 316L because of the crystallographic texture generated by
the LENS process. Furthermore, compared to the as-received pow-
der, the austenite peaks of the additively manufactured samples are
slightly broader because of the presence of residual stresses and ini-
tial dislocations induced by the LENS process as will be discussed
below.
3.2. General microstructure
Representative 3D optical view of the as-built microstructure is
shown in Fig. 3(a). The material has a layered microstructure char-
Fig. 1. Schematic of the horizontally and vertically built parts showing the positions from which tensile specimens were extracted and the areas on which microstructural
analyzes were performed.
Table 2
Processing parameters used in directed laser deposition of the two additively manufactured parts.
Processing parameters Laser power (W) Travel speed (mm/s) Layer thickness (mm) Hatch spacing (mm) Powder flow rate (g/min)
Vertical & horizontal bars 600 6.35 0.40 0.60 6
acterized by melt pools generated by the laser beam. The depth
and the width of the melt pools are about 450 and 900 m respec-
tively. No evidence of cracks, pores or un-melted powder was
observed. A closer 3D view of the microstructure is presented in
Fig. 3(b) where EBSD image quality map (IQ) and grain color map
showing grains in random colors were superimposed. The micro-
graph reveals that many grains include the melt-pool boundaries.
This observation suggests an epitaxial growth of the grains from
re-melted zones, following the maximum temperature gradient
directions.
At higher magnification, high-resolution SEM micrographs
revealed that the as-built parts are characterized by a typical cel-
lular structure (Fig. 4). The cells are about 3–4 m in diameter
and a few tens of microns in length. The cellular structure is
generally attributed to the high cooling speed that could reach
103–104 K/s during the LENS process as reported by Wang et al
[31]. It is suggested that, with faster cooling rate; the solidifica-
tion microstructure can evolve from planar to cellular to dendritic
[32,33]. Cells are equiaxed or elongated, depending on their growth
direction being strongly influenced by the direction of the thermal
gradient (Fig. 4(c) and (d)). Moreover, elongated cells are espe-
cially observed along the melt-pool boundaries compared to more
equiaxed ones in the center of the melt-pool. Furthermore, the
high-resolution SEM image reported in Fig. 4(b) revealed the pres-
ence of spherical nano-inclusions with size ≤200 nm. Because of
their small size, the SEM resolution was not enough to determine
the chemical composition of the nano-inclusions. TEM observa-
tions are then conducted for further understanding of the fine
microstructure induced by the LENS Process.
Fig. 5(a) and (b) shows inverse pole figure (IPF) maps relative
to the building direction of the top surface (S1D-S2D) and the lat-
eral surface (BD-S1D) of the as-built 316L. The EBSD scans obtained
from 1.3 mm × 1 mm areas were post-processed to evaluate the
grain size by a standard metallographic technique using the inter-
cept line method [34]. Grain boundaries were detected using grain
detection angle of 5◦. Although the grain size varied from about 20
to 350 m, grains are quasi-equiaxed and the measured average
grain size in the BD-S2D as well as in the S1D-S2D plane is around
60 m. Note that the achievement of equiaxed grains is desirable
because high aspect ratio (grain morphology), often obtained in
AM, can lead to an anisotropic plastic behavior of metallic mate-
rials: materials deform differently when being tested in different
directions [35]. The plastic anisotropy could constitute a barrier to
the application of advanced alloys [36]. It is obvious that the nearly
equiaxed microstructure obtained in this study can be beneficial
to the mechanical response and failure behavior of the AM steel,
especially in the case of multi-axial deformation. For several set
of parameters, Wang et al. [37] reported that the aspect ratio of
the 304L SS made by DLD varied between 2 and 3.2. For the 316L
obtained by LENS process, Yadollahi et al. [22] also observed elon-
gated grains parallel to the building direction without quantifying
the aspect ratio.
More than 90% of grain boundaries were of high angle types
( ≥ 15◦) with an average misorientation angle of about 32◦ in
section along BD and 37◦ in the section perpendicular to BD.
The misorientation across boundaries is an important microstruc-
tural parameter since it indicates the density of high angle grain
boundaries (HAGB). HAGB provide obstacles to cleavage crack
propagation [38,39] and thus enhance the fracture toughness. Few
data in the literature are available concerning the grain bound-
ary misorientation in austenitic steels fabricated by DLD/LENS
technique. Yadollahi et al. [22] reported with their processing
Fig. 2. The XRD patterns taken on the powder, the lateral and the top surface of the as-built 316L.
Fig. 3. 3D view of the as-built microstructure (a) optical micrograph; (b) Image quality (IQ) + color grain map.
parameters that the majority of grain boundaries has very low
misorientation angles (1–4◦) and that the average misorientation
angles were about 14◦ in the as-built 316L and doesn’t exceed 30◦
after heat treatment for 2 h at 1150 ◦C.
{100} and {110} pole figures calculated from the EBSD maps
of the lateral surface (BD-S2D plane) and the top surface (S1D-S2D
plane) are shown in Fig. 5(c) and (d), respectively. In both cases,
the pole figures show similar textures with the presence of a strong
common (100) orientation aligned with the building direction BD
and with the two scanning directions S1D and S2D (Maximum tex-
ture intensity of 3.6 times random). To our knowledge, such a kind
of crystallographic texture has never been reported for austenitic
steel made by DLD/LENS process. However, Kurzynowski et al. [20]
observed the same kind of texture (i.e. strong {001} texture with
respect to the building and scanning directions) in 316L made by
selective laser melting (SLM). The samples were made at 200 W
using the älternate-hatchs̈canning strategy (i.e., changing the scan
direction by 90◦ between two successive layers). It is important
to note that, in AM process, the texture evolution is affected by
both the growth directions of the grains and the maximum heat
flow directions. Thijs et al. [40] reported that the directional solid-
ification and thus the resulting crystallographic texture would
Fig. 4. SEM images illustrating the typical cellular microstructure at (a) low and (b–d) high magnification corresponding to the yellow areas indicated in Fig. 4(a); (b) equiaxed
cells; (c,d) evidence of elongated cells at the melt pool boundaries.
Fig. 5. Electron back-scattered diffraction (EBSD) inverse pole figure (IPF) relative to the building direction + IQ in (a) the lateral surface; (b) the top surface and (c,d) the
corresponding pole figures.
depend on the adopted scanning strategy and building direction.
The bidirectional scanning strategy used in this study is believed
to be responsible for a reduction of the texture intensity along the
building and scanning directions, which consequently reduces the
anisotropy in the resulting mechanical properties.
3.3. Deep microstructure features
The TEM analyzes were performed on thin foils sectioned nor-
mal to the scanning direction S1D. Fig. 6(a) shows representative
bright field TEM micrographs of the initial microstructure of the
Fig. 6. TEM bright field micrographs of the typical microstructure of the as-built 316L: (a) cellular structure with arrays of dislocations pilling up at cell boundaries; (b)
evidence of stacking faults and inclusions.
Fig. 7. (a) STEM-HAADF micrograph of the as-built 316L and the corresponding STEM-EDS chemical maps revealing segregation at cell boundaries; (b) evidence of Si-oxides
and transition-metal-rich precipitates.
as-built 316L. The non-deformed material represent extensive net-
work of dislocations at the cell boundaries. A closer view in the cell
interiors revealed the presence of dislocation tangles and extended
band of stacking faults as evidenced in Fig. 6(b). The dislocation cell
structure formed in the AM steel is similar to the microstructure
obtained under severe plastic deformation process. The thermal
contraction induced by the rapid solidification is thought to be
responsible for the high dislocation density in the AM parts [41].
Furthermore, the white contrast at the cell boundaries on the
HAADF-STEM (Z contrast) image presented in Fig. 7(a) compared
to the interior of the cells reveals an enrichment in heavier ele-
ments at the cell boundaries. This observation is supported by
the corresponding STEM-EDS maps where segregation of Mo, Ni
and Cr correlated with the dislocation structures can be observed
(Fig. 7(a)). There is also an anti-correlation with Fe and Mn. It is
notable that the dislocation substructures developed over the same
length scale (3–4 m) that the cell size revealed by the SEM micro-
graphs. It indicates that the dislocation substructures are correlated
with chemical micro-segregation.
The STEM-EDS maps in Fig. 7(b) revealed the presence of
Si-containing oxides (from 50 to 200 nm in size) as well as
transition-metal-rich precipitates, in which Mo, Mn and Cr content
varies along the cell boundaries. These same particles (i.e. Si-oxides
and Cr-Mo-rich precipitates) can also be observed in the TEM bright
field micrographs shown in Fig. 6. Using the “Microprobe STEM”
technique on the transmission electron microscope, the electron
diffraction patterns (EDPs) corresponding to the two types of inclu-
sions were examined. The EDP analysis proved that the Si-oxides
Table 3
Tensile properties of the as-built 316L in building and scanning directions.
Yield strength (MPa) Elongation to failure (%)
Building direction 378 ± 3 54.5 ± 1
Scanning direction 440 ± 5 51.5 ± 0.8
depleted of Fe are amorphous while the transition-metal-rich pre-
cipitates were crystalline. One can expect that the crystallographic
structure (i.e., amorphous or crystalline) would have an impact on
the deformability of the particles and on the dislocation-inclusions
interaction when the material is deformed.
These oxide inclusions are generated by in-situ oxidation during
the LENS process due to the presence of residual oxygen in the build
chamber. It entails the possibility of using the build atmosphere for
controlling the interstitial content of the 3D printed steels and for
the in-situ formation of oxide-dispersed steels (ODS), as reported
by Springer et al [42]. It is well established that introducing oxide
particles inside a steel matrix will improve the high-temperature
mechanical properties [43,44]. A fine dispersion of oxide parti-
cles can also improve the radiation tolerance of stainless steels
[45,46]. The formation of nano-inclusions in the 316L during AM
process was reported in previous work especially during sinter-
ing/melting process [26,47]. The inclusions were suggested to be
silicate-containing chromium and manganese, which is confirmed
by our TEM observations.
3.4. Mechanical properties and deformation mechanisms
Tensile tests were carried out on the as-built 316L at room
temperature along the building and scanning directions. The engi-
neering stress vs. engineering strain curves of the specimens are
shown in Fig. 8. The results showed that the loading direction has
slight effects on mechanical properties: it makes the 0.2% yield
strength change from 378 ± 3 to 440 ± 5 MPa and total elongation
from 54.5% ± 1% to 51. 5% ± 0.8% (Table 3). That is to say, regardless
the loading direction, the LENS 316L produced here has good com-
bination of strength and elongation compared to the conventional
316L (see Fig. 9). Indeed, tensile tests revealed that the AM 316 L
stainless steel has higher tensile strength compared to the 316L
stainless steel processed by the other conventional manufacturing
process without sacrificing its ductility (Fig. 9) [22,25,48–52].
Fig. 8. Stress-strain curves of the as-built 316L strained at 2.5 m s−1 at room tem-
perature.
For comparison, the 0.2% yield stress of the as-built 316L is
440 ± 5 MPa compared with 170 MPa for the wrought 316L [48].
Moreover, the difference in yield strength between the building and
scanning directions is only 62 MPa, which represents a small frac-
tion of the observed difference between the strengths of the as-built
316L and the wrought 316L (more than 200 MPa). Previous stud-
ies on AM 316L showed that the DLD/LENS process improves the
yield strength but reduces the ductility especially when the mate-
rial is stressed along the building direction [25,26]. Compared to
the results reported by Zhang et al. [25], the elongation to failure in
the building direction obtained in the present study were far higher
(54.5% in the present study against 21% in Ref. [25]). The poor elon-
gation along the building direction reported by Zhang and Ziętala
[25,26] is attributed to the presence of build defects (e.g. poros-
ity and lack of fusion) among layer boundaries. It is evident that
pre-existing dislocation structure contributes significantly to the
high strength of the LENS 316L. The dislocation network as well as
the chemical micro-segregation at cell boundaries formed during
manufacturing hinder the dislocation motion resulting in higher
yield strength compared to the conventional 316 L. Moreover, the
nano-inclusions generated during the process will contribute to the
increased strength of the AM 316L compared to as-cast or wrought
material.
Fig. 9. The yield strength and ductility data of the DLD-LENS and conventional 316L SS from literature (the elongation to failure (elongation at break) was used).
Fig. 10. SEM fractographs of the LENS 316L after tensile test along building direction (a) low magnification view; (b) typical ductile dimple fracture; (c) evidence of secondary
cracking.
Fig. 11. (a) SEM micrograph of the cross section of the broken specimen; (b,c) SEM image of the area where EBSD analyzes were carried out with the corresponding IPF along
the building direction + IQ; (d) misorientation profile along the black line in (c).
The fracture surface morphologies of the as-built 316L tested
in building and scanning directions were analyzed. In both cases,
typical ductile fracture features were observed although some evi-
dence of brittle fracture was also visible. As shown in Fig. 10, ductile
fracture via the void growth and coalescence mechanism was the
dominant fracture mode. The dimples are a few microns in size,
close to the typical cell dimensions of the as-built parts. Small dim-
ples tend to increase the area of fracture surface so they absorb
more deformation energy, thus improving the ductility by delaying
the fracture process. Note that some secondary cracks, seemingly
transgranular, were also observed. The formation and the propa-
gation of secondary cracking is likely favored by the presence of
nano-inclusions revealed in the as-built microstructure.
Despite the weakening effect (loss of ductility) that nano-
inclusions could have on the 3D printed steel, the elongation to
failure of the LENS 316L remains excellent. In order to investigate
Fig. 12. (a) TEM bright-field micrograph revealing a high density of twins in the as-built sample strained to fracture; (b) the dark-field micrograph imaged using the diffraction
spot outlined by the dashed circle in (c); (c) the corresponding electron diffraction pattern EDP (subscripts “T” and “M” refer to “Twin” and “Matrix” respectively).
the origin of such behavior, EBSD analysis and TEM observa-
tions were performed on the AM 316L strained to fracture to
identify the activated deformation modes during plastic deforma-
tion.
Based on the IPF map analyzes in Fig. 11(c), the high lattice mis-
orientation inside individual grains (10◦ to 15◦) reflect the strong
dislocation slip activity (slip-induced lattice reorientation mech-
anism). Furthermore, the examination of the SEM micrograph of
the analyzed area (Fig. 11(b)) revealed distortion of the melt-pool
boundaries, reflecting the intense strain at the melt-pool interfaces.
More interestingly, compared to the initial microstructure of the
non-deformed material, several deformation twins are observed
in the IPF map confirming that twinning is mainly induced by
deformation and suggesting that the contribution of mechanical
twinning to plastic deformation is substantial. Twins were ori-
ented parallel to one another and their thickness varies from few
microns to several tens of microns. The misorientation plot across
the matrix/twin interfaces showed that the mechanical twins were
rotated by 30–40◦ relative to the matrix (Fig. 11(d)). Moreover, the
phase map (not shown here) indicates that the deformed AM 316L
has retained its austenitic phase against martensitic phase transfor-
mation. Conventional 316L undergoes strain-induced martensite
transformation during plastic deformation as observed by Zhang
et al. [53]. However, the EBSD analysis showed that the AM 316L
did not transform during tensile test, suggesting that the mechan-
ical stability of austenite is higher than that of conventional 316L.
In a recent study conducted on a medium Mn austenitic steel, He
et al. [54] showed that introducing initial dislocations by using a
warm rolling process tend to stabilize the austenitic phase dur-
ing plastic deformation at room temperature. One can assume that
the dislocation cell structure formed in the as-built 316L tend to
stabilize the austenitic phase of the AM steel and thus inhibit
the strain-induced martensite transformation. Moreover, It is well
established that the austenite stability is strongly related to the
chemical composition (especially carbon and manganese) [55] but
also to grain size [56]. Naghizadeh et al. [56] showed that below
average grain size of ≈50 m, the tendency to martensitic trans-
formation diminishes by decreasing grain size. Thus, in addition
to the initial dense dislocations, the fine cellular microstructure
of the as-built 316L (cell size of 3–4 m) would also contribute
to the mechanical stability of austenite during plastic deforma-
tion.
The strong twinning activity was confirmed by TEM ana-
lyzes performed on the specimen strained to fracture. The TEM
micrographs shown in Fig. 12 revealed the extensive activity of
mechanical twinning. Dark field (DF) imaging has been used to
unambiguously identify the observed micro-twins by selecting
the appropriate diffraction spot. This strong tendency towards
twinning is often observed in TWIP (Twinning Induced Plasticity)
steels containing high content of Mn typically higher than 15 at.%,
depending on the carbon content [57].
The propensity for mechanical twinning of the as-built 316L
can be related to the value of the stacking fault energy (SFE). As
the SFE decreases, the stacking faults become wider and the dis-
location cross-slip mechanism more difficult thus promoting the
deformation twinning [58]. From TEM observations of the AM 316L
(see Fig. 6), extended band of stacking faults were observed sug-
gesting that the non-deformed material has relatively low value
of SFE, since the SFE is a measure the tendency for forming local
stacking faults. Moreover, it is well known that a low value of SFE
promotes mechanical twinning at the expense of dislocation glide
[59] and that twinning induces large plasticity during deformation
[60]. Thus, the pre-existing stacking faults in the non-deformed
316L favor mechanical twinning and improve the ductility of the
AM 316L. Together with high density of initial dislocations, the
mechanical twins contribute also to the high strength of the AM
316L steel since twin boundaries can act as obstacles to the dislo-
cation glide by reducing the mean free path of dislocations during
plastic deformation [61,62]. The spacing between deformation
micro-twins can be less than a few hundred of nanometers (Fig. 12)
that is narrower than the cell size of the as-built 316L (3–4 m). It
means that the influence of twinning on restricting the movement
of dislocations is not negligible and would contribute to further
improving the tensile strength of the AM 316L.
4. Conclusion
High strength and ductility 316L stainless steel samples
were successfully printed in controlled atmosphere using
LENS technique. Microstructural observations up to nanoscale
revealed micro-cellular structure enriched with oxide particles
and transition-metal-rich precipitates. The as-built components
showed promising results regarding their structural integrity and
resulting mechanical performances. In contrast to conventional
counterparts where microstructure is homogenous, the hierar-
chical heterogeneous microstructures in the LENS parts induced
excellent strength of 316L stainless steel. The strong deformation
twinning induces large plasticity leading to high tensile ductility
despite the formation of nano-inclusions in the AM steel. Further-
more, the build orientation seemed to have little to no effect on the
mechanical properties of the as-built 316L. This study contributes
to the understanding of the relationships between the LENS pro-
cessing, microstructures, and resulting mechanical performances
of 316 L stainless steel, key to satisfy the demands for new applica-
tions.
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